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ABSTRACT 
 
Geothermal energy is a renewable energy source which can provide base-load power supply both for electricity and direct 
uses, such as space heating. In this paper, district heating systems that are fed by geothermal energy, the so-called geothermal 
district heating systems, are studied. It is proposed to apply a hot water storage tank in these systems to store hot water in times 
of low-load and release it to the system during peak load periods in order to minimise the use of peak-up boilers.  
For this purpose, two different models are presented and the results are shown for three different cases of heat demand 
coverage by geothermal energy. First, a model for the sizing of these systems is developed. The main findings highlight the 
importance of the insulation both for the storage tank and the pipelines of the network. Secondly, a model that studies the daily 
and the annual operation of the installation is developed followed by an integrated economic and environmental analysis of the 
proposed solution The results indicate that the proposed solution is financially beneficial compared to the traditional case 
without use of the storage tank as all the financial indices and cash flows are improved. More specifically, the levelised cost of 
heating decreases by 4.3-14.9% leading to an increased potential income of £87000-241000 per year, while the NPV, the IRR 
and the BCR all increase. Furthermore, the emissions decrease by up to 54.2% and the load factor increases by up to 3.86%. 
Therefore, the proposed solution is proved to be beneficial from an economic, environmental and energetic point of view as 
more geothermal energy is utilised in a more economical way with subsequent environmental benefits. 
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1. INTRODUCTION 1 
 2 
Geothermal energy is the energy contained within Earth’s crust and it originates from the processes that occur within Earth 3 
and heat conduction taking place to the upper layers [1]. Depending on the temperature of the source, geothermal energy can 4 
have many uses, such as electricity production, space heating, aquaculture, agriculture, snow melting, drying, distillation etc. 5 
[2, 3]. Theoretically, temperatures higher than 15oC can be utilised through the use of heat pumps [4]. Geothermal energy is a 6 
fairly mature technology and is in use in many countries worldwide, with Iceland, Turkey, USA, New Zealand, Indonesia and 7 
Philippines being the pioneers of geothermal development [5]. It can be stated that geothermal energy is a proven, cheap [6] 8 
and renewable energy source [7] that its main advantage compared to the other renewable energy sources is that it can 9 
produce base-load energy and does not depend on the weather conditions [8]. On the other hand, geothermal energy depends 10 
a lot on the geological conditions onsite and has a high risk of uncertainty in the first levels of exploration. These factors 11 
together with the poor financial support have lagged the overall development of geothermal energy [9].  12 
In general, district heating refers to the production of heat in a central plant and its distribution to the end-users via a 13 
pipeline network. A district heating network can have many heat sources, such as combined heat and power plants, which is 14 
the most common source; conventional boilers; waste incinerators; industrial waste heat source; solar collectors; heat pumps 15 
and geothermal energy [10]. The main advantages of district heating compared to local provision of heating in each building 16 
are well summarised in [11,12] and include the higher efficiency of the whole procedure, the reduction of emissions, the 17 
facility of waste heat recovery and the high level of reliability amongst others. The development of district heating is 18 
connected with the available waste heat from power plants [13, 14]. In the majority of the cases, a district heating network is 19 
fed by the waste heat of a power plant and the heat production is a by-product of the process. Heat production only stations 20 
which feed a district heating system have been rarely used and are not studied extensively. Concerning geothermal energy, 21 
the locations where electricity can be produced are limited by the high temperature needed, while in the case of heat 22 
production the possible locations are more widespread since a lower temperature is needed. In the case of heat production 23 
units, geothermal energy usually has a temperature which is quite close to the requirement of the heat users [15]. For all the 24 
aforementioned, a purely heat-production geothermal system which feeds a district heating network seems a very valuable 25 
solution. These systems, the so-called geothermal district heating systems (GDHS) are studied in this paper. The studied 26 
systems combine all the aforementioned advantages offering an efficient, cheap and environmentally friendly solution to the 27 
environmental and energetic problem of nowadays [16, 17]. It should be noted that in the cases of higher temperatures of  28 
geothermal water, a CHP plant can be used in which the cooled water used for electricity production is then fed in the district 29 
heating network, but these systems will not be studied in this paper as they are limited by the higher temperatures needed.  30 
The most typical users on a district heating system are dwellings and the current research is based, but not limited, on these 31 
users. Their heat demand within a day is not constant and a typical profile can be seen in Fig. 1. The published research on 32 
the operation of a GDHS is very limited. In [18], the authors develop a model for the operational optimization of an existing 33 
GDHS with the objective of minimizing the running costs, while in [19] the authors develop a novel control strategy of the 1 
system with the objective of maximum exergetic efficiency. In reality, the general approach to cover the heat demand is to 2 
fluctuate the geothermal production according to the heat demand till its maximum capacity and when the heat demand is 3 
higher than the maximum geothermal production, fossil-fuel peak-up boilers will cover the excess heat demand. In this paper, 4 
a different approach for the coverage of the heat demand in proposed. More specifically, it is proposed to keep the geothermal 5 
production constant each day and add a hot water storage tank, where hot water will be stored in times of low-load, and this 6 
stored hot water will be released in the network to cover the peak demands. With this approach, more geothermal energy will 7 
be utilised, while less fossil fuel will be used with subsequent environmental benefits. The financial viability of this proposal 8 
is crucial and will be studied in detail. Furthermore, it should be made clear that it is not attempted to totally phase out the 9 
peak-up boilers, but to minimise their use, as there would be some boilers anyway in the installation for back-up purposes, 10 
but also this would lead to an over dimensioning of the whole installation which would turn the investment to unfeasible.   11 
In general, the concept of storing energy in a sensible heat storage has been extensively studied [20, 21, 22]. In the 12 
majority of the cases, stratified water tanks are used [23, 24]. This happens because the inlet temperature of the storage tank 13 
is usually variable coming from a CHP plant [25, 26] or from solar collectors [27]. On the other hand, the end-users need a 14 
specific temperature for their requirements. So, a stratified tank with a high degree of stratification has a maximum possible 15 
temperature on its top, which is sent to the users, and a minimum temperature on its bottom which is sent in the production 16 
unit [28, 29]. A novelty of this paper, is that it is proposed not to use a stratified water tank, but a fully mixed storage tank 17 
instead. More specifically, two storage tanks will be used, one on the supply and one on the return lines of the system that 18 
will store hot and cold water, respectively. The hot water storage tank will be studied in detail as the cold water storage tank 19 
will be used as a regulator of the flow to the geothermal heat exchanger. For sake of simplicity, in the rest of the text the word 20 
‘’tank’’ will refer to the hot water storage tank unless otherwise stated. In a GDHS, the production temperature is almost 21 
constant compared to the aforementioned cases, so it is expected to operate more smoothly in this way. Furthermore, in a 22 
GDHS the flow rates are quite high as will be seen in the results, so it is quite hard to maintain the stratification within the 23 
tank. 24 
 25 
 26 
Figure 1. The average heat demand for a set of houses [30] 1 
The novelties of this paper are the following: The first and most basic novelty is the new way of operation of the GDHS 2 
which is proposed and studied. Based on this direction, two integrated models for the sizing and design of the system as well 3 
as for the in-advance knowledge of the operation of the system are built and presented. Finally, as referred previously, the use 4 
of a fully mixed tank instead of a stratified tank is another novelty of this paper.  5 
The structure of the paper is as follows: In this section a general introduction in the concept of a GDHS was given; the 6 
second section analyses the methodology of the whole approach; the third section provides the results of the analysis together 7 
with the discussion and the last section concludes the paper.  8 
 9 
2.    METHODOLOGY 10 
 11 
A simplified scheme of the studied installation is shown in Fig.2. The geothermal fluid is pumped in the surface through 12 
the production well (P.W.) and its heat is transferred to water through a geothermal heat exchanger (G.H.E.) in order to avoid 13 
scaling and corrosion to the main network. The heated water is then distributed to the end users through a transmission and 14 
distribution network and returns to the GHE to be reheated and continue its cycle. Finally, the cooled geothermal water is 15 
pumped in the underground through a re-injection well (R.W.).  16 
The study is divided into two main parts. In the first part, an integrated algorithm for the sizing of the installation is built. It 17 
should be noted that the installation will operate on daily cycles. In the second part, an algorithm which provides details for 18 
the daily operation of the installation is built and then this algorithm is extended in order to study the annual operation of the 19 
installation. By studying the annual operation of the installation, the basic operational costs will be known and these will be 20 
used to carry out an economic and environmental analysis of this proposal and a comparison between the proposed and the 21 
traditional operation of a GDHS. 22 
 1 
 2 
Figure 2. A simplified scheme of the studied installation (G.H.E. = Geothermal Heat Exchanger, H.S.T. = Hot Storage Tank, 3 
C.S.T. = Cold Storage Tank, SS=Substation) 4 
It was attempted to make the whole model as generic as possible as the design of a GDHS is very case-specific by its own 5 
nature. Therefore, many variables of the problem, such as the length of the distribution network, were arbitrary inputs by the 6 
author, while in reality, these will be the real inputs by the user.  7 
 8 
2.1 Sizing of the installation 9 
 10 
In the first part of the study, an integrated model for the sizing of the installation was built. The geothermal data, the heat 11 
demand data throughout a whole year and the topology of the installation were used as inputs, while the sizing of the 12 
installation is the output. The heat demand data should have a fine time discretization for more accurate results. Since the 13 
installation operates on daily cycles, a specific day has to be chosen as the design-day on which all the design will be based. 14 
In this study, three different cases were studied for which more details will be given on the results section. 15 
Some initial values of the basic parameters of the installation, such as the temperatures across the network, have to be used 16 
in the beginning of the calculations. Then, the design-day is selected by the user. In our approach, the geothermal flow rate 17 
which will be constant throughout the day, has such a value that the heat demand of this day can be covered by geothermal 18 
energy only. Since the geothermal flow rate will be constant, then the mass flow rate on the left of the storage tank (or the 19 
mass in each time interval, 𝑀𝑡𝑟,𝐺) will be constant as it will be equal to a specific proportion of the geothermal flow rate 20 
which is also an output of this algorithm. In this paper, it is preferred to use the mass throughout a time interval in the 21 
calculations, as the heat demand data are known per time interval. The mass on the right of the storage tank (𝑀𝑡𝑟,𝑆) will, in 22 
contrast, be variable throughout the day according to the heat demand. 23 
Based on the values of these masses, the masses of charged, discharged and stored water throughout the design day as well 24 
as the volume of the storage tank can be calculated, respectively, as: 25 
 1 
𝑀𝑐ℎ
𝑖 = 𝑀𝑡𝑟,𝐺 − 𝑀𝑡𝑟,𝑆𝑖  (1) 
  
𝑀𝑑𝑖𝑠
𝑖 = 𝑀𝑡𝑟,𝑆𝑖 − 𝑀𝑡𝑟,𝐺 (2) 
  
𝑀𝑠𝑡
𝑖 = 𝑀𝑐ℎ𝑖 − 𝑀𝑑𝑖𝑠𝑖 + 𝑀𝑠𝑡𝑖−1 (3) 
  
𝑀𝑠𝑡
0 = 0 (4) 
  
𝑉𝑠𝑡 = max (𝑀𝑠𝑡𝑖 )𝜌 ⋅ 𝑆𝐹 (5) 
 2 
Equation (4) is an assumption which denotes that there is no stored water in the first time interval. It should be noted that 3 
the tank will not be always full as in the case of the stratified tank, but it will be charged or discharged with water, changing 4 
the volume of stored water continuously, according to the excess or shortage of heat demand. For the calculation of the 5 
temperature evolution of the stored water the following energy conservation equation is applied [21]: 6 
 7 
𝜌 ⋅ 𝐶𝑝 ⋅ 𝑉𝑠𝑡 ⋅
𝑇𝑠𝑡
𝑖+1 − 𝑇𝑠𝑡
𝑖
𝑑𝑡
= ?̇?+𝑖 − ?̇?−𝑖 − ?̇?𝑙𝑜𝑠𝑠𝑖  (6) 
 8 
In the above equation, the left hand side is the accumulation term, balanced by the heat surplus due to charging, the heat 9 
shortage due to discharging and the heat losses of the tank. Since the storage tank is fully mixed, the temperature in each time 10 
interval will be the same everywhere within the tank and equal to the storage temperature. The terms of Eq. (6) are multiplied 11 
by the time-step (𝑑𝑡) in order to convert them in energy terms and the right hand side energy terms are then given by the 12 
following set of equations: 13 
 14 
𝑄+
𝑖 = 𝑀𝑐ℎ𝑖 ⋅ 𝐶𝑝 ⋅ (𝑇𝑠𝑡,𝑖𝑛 − 𝑇𝑎) (7) 
  
𝑄−
𝑖 = 𝑀𝑑𝑖𝑠𝑖 ⋅ 𝐶𝑝 ⋅ (𝑇𝑠𝑡𝑖 − 𝑇𝑎) (8) 
  
𝑄𝑙𝑜𝑠𝑠
𝑖 = 𝑄𝑙𝑜𝑠𝑠,𝑡𝑜𝑝𝑖 + 𝑄𝑙𝑜𝑠𝑠,𝑠𝑖𝑑𝑒𝑖 + 𝑄𝑙𝑜𝑠𝑠,𝑏𝑜𝑡𝑖  (9) 
 15 
In Eq. (9), the terms on the right hand side are the heat losses from the top, side and bottom part of the storage tank, 1 
respectively. In the top and side parts, the heat losses consist of heat losses due to convection and radiation to the ambient air 2 
and conduction through the different layers of the tank, while in the bottom part the heat losses are due to conduction to the 3 
underground. For the calculation of the convective heat transfer coefficient in the top part of the tank, the equations for flow 4 
parallel to horizontal body are used, while for the side part the equations for flow vertical to a cylindrical body are used. 5 
Therefore, the heat losses for each part of the tank are calculated by equations summarised in Table 1 [31]. 6 
In the cases of the top and side part of the tank, the calculations depend on the temperature of the stored water each time 7 
and the outer surface temperature of the tank, therefore the heat transfer coefficients are assigned with a temporal superscript. 8 
In the case of the bottom part, the heat transfer coefficient depends only on the materials, therefore, it is constant all the time. 9 
The system of equations (6)-(12) is solved with an iterative method in order to provide the evolution of the temperature of the 10 
stored water.  11 
 12 
Table 1. 13 
Sets of equations used for the calculation of the heat losses of the storage tank 14 
Top Part (10) Side Part (11) Bottom Part (12) 
𝑄𝑙𝑜𝑠𝑠,𝑡𝑜𝑝𝑖 = 𝐾𝑡𝑜𝑝𝑖 ∙ 𝐴 ∙ (𝑇𝑠𝑡𝑖 − 𝑇𝑎) ∙ 𝑑𝑡              
 
1
𝐾𝑡𝑜𝑝
𝑖 = ∑ 𝑡𝑗𝑘𝑗𝑗 + 1ℎ𝑐,𝑡𝑜𝑝𝑖 + 1ℎ𝑟,𝑡𝑜𝑝𝑖                   
 
ℎ𝑐.𝑡𝑜𝑝𝑖 = 𝑁𝑢 ∙ 𝑘𝑎𝑖𝑟𝐷𝑠𝑡       
 
’ If  𝑅𝑒 < 2 ∙ 105:  
𝑁𝑢 = 0.664 ∙ 𝑃𝑟1/3 ∙ 𝑅𝑒1/2  
Else-if  2 ∙ 105 < 𝑅𝑒 < 5 ∙ 105: 
𝑁𝑢 = 0.029 ∙ 𝑃𝑟0.43 ∙ 𝑅𝑒0.8                      
Else: 
𝑁𝑢 = 0.0296 ∙ 𝑃𝑟1/3 ∙ 𝑅𝑒0.8  
 
ℎ𝑟,𝑡𝑜𝑝𝑖 = 𝜀𝑐𝑣 ∙ 𝜎 ∙ (𝑇𝑠𝑢𝑟𝑖 2 + 𝑇𝑎2) ∙ (𝑇𝑠𝑢𝑟𝑖+ 𝑇𝑎) 
 
𝑄𝑙𝑜𝑠𝑠,𝑠𝑖𝑑𝑒𝑖 = 𝐾𝑠𝑖𝑑𝑒𝑖 ∙ 𝐴 ∙ (𝑇𝑠𝑡𝑖 − 𝑇𝑎) ∙ 𝑑𝑡                 
 
1
𝐾𝑠𝑖𝑑𝑒
𝑖 = ∑ 𝑡𝑗𝑘𝑗𝑗 + 1ℎ𝑐,𝑠𝑖𝑑𝑒𝑖 + 1ℎ𝑟,𝑠𝑖𝑑𝑒𝑖                     
 
ℎ𝑐,𝑠𝑖𝑑𝑒𝑖 = 𝑁𝑢 ∙ 𝑘𝑎𝑖𝑟𝐷𝑠𝑡                          
 
’ If 2 ∙ 104 < 𝑅𝑒 < 4 ∙ 105: 
𝑁𝑢 = 0.3 + 0.62∙𝑅𝑒1/2∙𝑃𝑟1/3[1+�0.4
𝑃𝑟
�
2
3]1/4 ∙ [1 + � 𝑅𝑒282000�12]                            
Else:                     
𝑁𝑢 = 0.3 + 0.62 ∙ 𝑅𝑒1/2 ∙ 𝑃𝑟1/3[1 + �0.4𝑃𝑟�23]1/4
∙ [1 + � 𝑅𝑒282000�5/8]4/5 
 
ℎ𝑟,𝑠𝑖𝑑𝑒𝑖 = 𝜀𝑐𝑣 ∙ 𝜎 ∙ (𝑇𝑠𝑢𝑟𝑖 2 + 𝑇𝑎2) ∙ (𝑇𝑠𝑢𝑟𝑖 + 𝑇𝑎) 
 
𝑄𝑙𝑜𝑠𝑠,𝑏𝑜𝑡𝑖 = 𝐾𝑏𝑜𝑡 ∙ 𝐴 ∙ (𝑇𝑠𝑡𝑖 − 𝑇𝑠) ∙ 𝑑𝑡                        
 
1
𝐾𝑏𝑜𝑡
= ∑ 𝑡𝑗
𝑘𝑗
𝑗                                     
 
 
 15 
For the sizing of the pipelines of the network, an optimization algorithm is built. The objective function is the 1 
minimization of the total cost of the pipelines, which includes the capital cost, the cost of electricity used by the pumps to 2 
overcome the friction losses and the cost of the heat losses. The latter is not a direct cost, but an indirect monetary loss, so it 3 
is also taken into account in the total cost. Other possible costs are not taken into account since these are considered equal for 4 
each case. The optimization parameters are the external diameter of the pipeline and the thickness of the insulation. 5 
Standardised values of external diameters according to EN10220 [32] were used.  6 
The cost of the heat losses is calculated by multiplying the heat losses by a unit price of heating. For the calculation of the 7 
heat losses, a system of double underground pre-insulated pipes was used (Fig.3). The pipelines are discretized in space and 8 
for each pair of discretized pipes the average values for the supply and return temperatures are considered. The equations 9 
summarised in [33] are then used for the calculation of the heat losses. It is found that an optimum space discretization of the 10 
pipelines is 10m.  11 
 12 
 13 
 14 
Figure 3. Studied system of double underground pre-insulated pipelines [33] 15 
 16 
The power of the pumps and, finally, the cost of electricity are calculated by the following equations, respectively: 17 
 18 
?̇?𝑝 = 𝜌 ⋅ 𝑔 ⋅ (𝛿ℎ𝑙 + 𝛿ℎ𝑒𝑙𝑒𝑣) ⋅ ?̇?𝜂𝑝  (13) 
  
𝐶𝑒𝑙,𝑡𝑜𝑡 = ?̇?𝑝 ⋅ (𝐴𝑂𝐻) ⋅ 𝐶𝑒𝑙,𝑢 (14) 
 19 
The friction losses in Eq. (13) are calculated by the Darcy-Weisbach equation. Since the pipelines are sized and their heat 20 
losses are known, then the temperatures across the network can be calculated. So, all the necessary data for the sizing of the 21 
installation are known. Finally, the efficiency of the installation for the design day can be calculated as: 22 
 23 
𝜂𝐺,𝐷 = 𝐷𝐻𝐷𝐷?̇?𝐺,𝐷 ⋅ 𝐶𝑝 ⋅ d𝑇𝐺 ,𝐷 ∙ 86400 (15) 
 24 
Since the initial assumptions are made, the equations (1)-(15) are used for the sizing of the installation. Through these 1 
equations, new values of the initial assumptions are calculated. Therefore, an iterative process will be followed till the 2 
convergence of the problem.  3 
 4 
2.2 Operational and economic analysis 5 
 6 
The second part of the study is divided in three different sub-parts. In the first two parts, the operation of the installation is 7 
studied over a random day and over a year, respectively, while in the third part an integrated economic and environmental 8 
analysis of the investment together with a comparison with the traditional case are carried out. 9 
  Firstly, a robust model is built for the study of the operation of the installation in a random day. More specifically, in this 10 
model the inputs are the outputs of the first part of the study, i.e. the sizing of the installation, and the heat demand of a 11 
random day. In other words, the sizing of the installation is now known and this algorithm will provide the operational 12 
strategy of the installation for a day with a known or predicted heat demand under the operation proposed in this paper. By 13 
operational strategy, the author defines the complete knowledge of the operation of the installation, for example, when and by 14 
how much should the storage tank be charged or discharged, when and by how much should the peak-up boilers be used etc. 15 
Theoretically, this algorithm would be quite useful for the operators of the installation, as they would know in advance how 16 
they should operate the installation the coming day that has a known, or predicted in reality, heat demand.  17 
Initially, the necessary geothermal flow rate can be calculated by the following properly re-arranged energy conservation 18 
equation: 19 
 20 
?̇?𝐺 = 𝐷𝐻𝐷86400 ⋅ 𝜂𝐺 + 𝑀𝑠𝑡0 ⋅ 𝐶𝑝 ⋅ (𝑇𝑠𝑡0 − 𝑇𝑎)86400𝐶𝑝 ⋅ d𝑇𝐺  (16) 
  21 
In the above equation, 𝐷𝐻𝐷 is the daily heat demand, while the factors with the superscript 0 denote values of the first 22 
time interval of the studied day, which in reality would be the values from the last time interval of the previous day. 23 
Therefore, these specific values will be known. Actually, these factors take into account any remaining energy from the 24 
stored water of the previous day. Obviously, in this case the initial mass of stored water is not necessarily zero as in section 25 
2.1, but is a known value from the previous day. Furthermore, any possible mass of stored water in the end of the day is not 26 
taken into account now, since the masses are not known yet. At the moment, it is also considered that the peak-up boilers will 27 
not be used throughout the day, while the total efficiency of the installation (𝜂𝑡𝑜𝑡) and the temperature drop of the geothermal 28 
fluid (𝑑𝑇𝐺) are initial estimations. Later on, all these assumptions will be checked and renewed through an iterative process.  29 
Since the geothermal flow rate is known, then the same process as in section 2.1 can be followed for each time interval to 1 
calculate all the masses and the temperatures across the network. The only difference, as already said, is that the initial mass 2 
of stored water might not be zero as in Eq. (4). Furthermore, in some cases the mass of stored water within the day will be 3 
zero, so the mass of discharged water will not be calculated by Eq. (2), but will also be equal to zero. In order to identify if 4 
the peak-up boilers should be used, the following loop is applied: 5 
 6 
’ For each time interval i: 
If  𝑀 = 𝑀𝑠𝑡𝑖 + 𝑀𝑐ℎ𝑖 − 𝑀𝑑𝑖𝑠𝑖 < 0 
Then  𝑀𝑏
𝑖 = 𝑎𝑏𝑠(𝑀)      
Else  𝑀𝑏
𝑖 = 0                                                                                        
(17) 
 7 
In the above loop 𝑀𝑏
𝑖  is the mass of water that should be provided to the network by the boiler. Therefore, for a specific 8 
boiler and a known temperature increase in the boiler’s water, the mass of fuel provided to the boiler will be known. Since all 9 
the masses and temperatures of the network are known across the day, a renewed value of the temperature drop of the 10 
geothermal fluid can be calculated. If the peak-up boiler has been used, the part of the daily heat demand that is covered by 11 
geothermal energy (𝐷𝐻𝐷𝐺) can be easily calculated.  12 
It is reminded that Eq. (16) refers in the geothermal part of the installation, but since it is not known in advance if the peak-13 
up boilers will be used, it is written in more general terms. Finally, any possible mass of stored water in the end of the day has 14 
to be taken into account now. Therefore, a renewed value of the efficiency of the geothermal part of the installation can be 15 
calculated as: 16 
 17 
𝜂𝐺 = 𝐷𝐻𝐷𝐺 + 𝑀𝑠𝑡𝑁 ⋅ 𝐶𝑝 ⋅ (𝑇𝑠𝑡𝑁 − 𝑇𝑎)86400 ⋅ [?̇?𝐺 ⋅ 𝐶𝑝 ⋅ Δ𝑇𝐺𝑛𝑒𝑤 + 𝑀𝑠𝑡0 ⋅ 𝐶𝑝 ⋅ (𝑇𝑠𝑡0 − 𝑇𝑎)] (18) 
 18 
Then, a renewed value of the geothermal flow rate can be calculated by Eq. (16) and the whole process is repeated till 19 
convergence of the problem. The output of this model is the operational strategy of the installation as well as the total amount 20 
of fuel used by the peak-up boilers and the total amount of electricity used by the pumps throughout the day.  21 
In the second sub-part, the above model is extended for the study of the operation of the installation over a whole year. The 22 
extended model will actually repeat the previous process for each day of the year serially just by using the data of the last 23 
time interval of the previous day as the data of the first time interval of the next day. The outputs of this model will be the 24 
same as those of the previous model, but in this case, the outputs of interest are the total amount of fuel and the total 25 
electricity used throughout the year. These comprise the main operational costs of the installation and together with some 26 
assumptions about the other operational and maintenance costs, the total annual running costs of the installation will be 1 
known. 2 
The total annual running costs are used together with the capital costs in the third and last sub-part for an integrated 3 
economic analysis of the investment. A comparison will be made with the traditional approach in order to examine if the 4 
proposed solution is feasible. Furthermore, the total amount of fuel per year will be used to carry out an environmental 5 
analysis of the installation.  6 
The capital cost of the installation is calculated by the following equation: 7 
 8 
𝐶𝐶𝑡𝑜𝑡 = 𝐶𝐶𝑑𝑟 + 𝐶𝐶𝐻.𝑆.𝑇. + 𝐶𝐶𝐶.𝑆.𝑇. + 𝐶𝐶𝑛𝑝 + 𝐶𝐶𝑏 + 𝐶𝐶𝑜𝑡                                                                                                     9 
(19) 10 
 11 
In applying this equation, we assembled typical costs for specific components of the capital expenditure on the basis of 12 
discussion with UK practitioners in the geothermal direct use sector. On this basis, we assume:  13 
• Drilling costs: £1.5M million for the first deep borehole, decreasing to £1M for alter borehole. The latter are 14 
cheaper as ground conditions are better known in advance and the risk of drilling decreases. 15 
• Network pipelines costs: capital costs include materials (carbon steel and mineral wool for insulation), the cost of 16 
welding and the civil costs for burying the pipes underground. The cost of carbon steel is £400/tonne and the cost 17 
of mineral wool is considered to be £60/m3. The cost of welding is assumed to be £1000 per weld and metre of 18 
diameter), and the civil costs are £300/m of pipeline.  19 
• Tank costs:  capital costs include materials which have the same price as for the pipelines, civil costs, the erection 20 
on slab and other minor costs which are assumed on the basis of recent projects in the UK. 21 
• Peak-up and back-up boilers: £200/kW as an average price of industrial gas boilers in [cf http://2050-calculator-22 
tool-wiki.decc.gov.uk/cost_categories/82].  23 
• Other minor costs include pumps, in-house installation, salaries of workers etc., all of which we have estimated 24 
from recent analogous projects in the UK. 25 
 26 
The economic analysis is done by comparing several financial indices of both investments as well as their cash-flows. The 27 
main financial index is the levelised cost of heating which is calculated by the annuity method as [34]: 28 
 29 
𝐿𝐶𝐻 = 𝐶𝐶 ⋅ 𝐶𝑅𝐹 + 𝑂𝐶
𝐴𝐻𝐷
 (20) 
 30 
In the above equation, 𝐶𝑅𝐹 is the cost recovery factor which is calculated as: 31 
 1 
𝐶𝑅𝐹 = 𝑖𝑟1 − (1 + 𝑖𝑟)−𝐼𝑃 (21) 
 2 
The other financial indices used for the comparison of the two cases are the net present value (NPV), the internal rate of 3 
return (IRR) and the benefits-to-cost ratio (BCR) [35]. In the following, few details will be given on the calculation of the 4 
inflows and outflows of the investment, as these are necessary for the calculation of the financial indices and for the cash 5 
flow graphs. The inflow of the investment consists of the following three parts: 6 
• A fixed cost per day which guarantees a certain income and is used for the repayment of the capital cost. It is fixed in 7 
such a value so that the initial capital cost is repaid within 10 years. 8 
• A variable cost which depicts the real consumption of energy and is fixed in £0.02/kWh of heat provided.  9 
• A financial incentive recently established in UK, the so-called RHI (Renewable Heat Incentive), which provides 10 
£0.05/kWh of renewable heat provided. This value increases by 2.5% each year and the incentive is provided for the 11 
first 20 years of operation.  12 
The latter might not always be the case, but in this study the calculations of the economic analysis will be made for the 13 
cases that the RHI is taken and not taken into account in order to identify the influence of a financial subsidy in a renewable 14 
project. The outflows of the investment consist of the capital and operational costs. The main capital cost shown in the results 15 
are upfront costs, while it is assumed that the boilers will be replaced after 20 years of operation and the heat exchangers and 16 
the pumps will be replaced after 15 years. Concerning the operational costs, their average annual increase was calculated for 17 
the last 10 years, and it is assumed that their annual increase in the future will be equal to this value. Finally, the discount 18 
rate, the interest rate and the investment period were assumed to be 5%, 6% and 30 years, respectively.  19 
Furthermore, since the total amount of fuel used per year is known, the emissions can be easily calculated through the 20 
stoichiometry of the fuel and charts of combustion. In this study, only the local emissions will be calculated, as it is very 21 
difficult to quantify the emissions during the construction of a GDHS. The only published value of the levelised life-cycle 22 
emissions of a geothermal heat only project is in [36] and equals to 4𝑔 𝐶𝑂2/𝑘𝑊ℎ. Furthermore, in this study the comparison 23 
between the two cases is carried out and not with other alternative energy sources, and therefore, the comparison of the local 24 
emissions is considered to be sufficient for that purpose. Finally, the load factor is calculated as the ratio of the average 25 
geothermal flow rate throughout the year divided by the maximum available geothermal flow rate. Any possible out of 26 
operation hours are not taken into account.  27 
 28 
3.    RESULTS AND DISCUSSION 29 
 30 
3.1 Sizing of the installation 1 
 2 
The heat demand data used as a test case were provided by the Estates and Buildings Office of the University of Glasgow 3 
and refer to several buildings managed by the specific office. The annual heat demand is around 38500MWh with an average 4 
and peak demand of 4.4 and 14MW, respectively, while the time discretization of the data is 30 minutes. A plot of the data 5 
can be seen in Fig 4. In this figure, in can be seen that the heat demand is very peaky and it is made obvious that it would not 6 
be viable to size the geothermal installation to cover all the heat demand. The other necessary data are case-specific for each 7 
problem. In reality, these will be the inputs by the user of the model. In our case, these are chosen arbitrarily by the authors. A 8 
list of the basic inputs of the problem can be seen in Table 2.  9 
As already mentioned, a specific day has to be chosen by the user as the design-day. In our case, three different days are 10 
chosen and studied in order to study the effect of the heat demand coverage by geothermal energy on the viability of the 11 
project. More specifically, the chosen days are those that their daily heat demand is equal to the 25th-, 50th- and 75th-centile of 12 
the daily heat demands of the whole year. For sake of simplicity, these cases will be called 25-C, 50-C and 75-C in the rest of 13 
the paper, respectively. So, three different and very discrete cases which affect primarily the sizing of the installation will be 14 
studied. Their effect on the economics of the installation will be studied in the next section.  15 
 16 
 17 
 18 
Figure 4. Heat demand data for the year of study 19 
 20 
Table 2  21 
Main input data 22 
Data Value 
 
Mass flow rate of each well (𝑘𝑔/𝑠) 20 
Temperature of the geothermal fluid (K) 353.15 
Length of transmission pipeline (m) 1500 
Minimum temperature difference on the hot side of the G.H.E. 
(K) 
5 
Ambient design temperature (K) 283.15 
 1 
As already mentioned, a specific day has to be chosen by the user as the design-day. In our case, three different days are 2 
chosen and studied in order to study the effect of the heat demand coverage by geothermal energy on the viability of the 3 
project. More specifically, the chosen days are those that their daily heat demand is equal to the 25th-, 50th- and 75th-centile of 4 
the daily heat demands of the whole year. For sake of simplicity, these cases will be called 25-C, 50-C and 75-C in the rest of 5 
the paper, respectively. So, three different and very discrete cases which affect primarily the sizing of the installation will be 6 
studied. Their effect on the economics of the installation will be studied in the next section.  7 
The main results are shown in Table 3 and refer to the design-day for each case. As can be seen in this Table, the 8 
temperature drop of the geothermal fluid is almost the same in each case and is very close to 30K degrees. Therefore, the 9 
geothermal power increases almost proportionally with the number of wells. The efficiency of the installation increases as the 10 
coverage by geothermal energy increases and its value ranges roughly between 86.88-87.61%.  11 
Table 3 12 
Main results of the sizing of the installation 13 
Case  25-C 50-C 75-C 
 
No of wells 1 2 3 
?̇?𝑮 (𝒌𝒈/𝒔) 20 40 60 
?̇?𝒕𝒓,𝑺 (𝒌𝒈/𝒔) 29.87 60.10 92.26 
?̇?𝑮 (𝒌𝑾) 2520.6 5006.5 7502.4 
𝒅𝑻𝑮 (𝑲) 30.079 29.872 29.843 
𝜼𝒕𝒐𝒕 (%)  86.886 87.431 87.610 
𝑽𝒔𝒕 (𝒎𝟑) 341.93 592.34 1132.30 
𝑫𝒔𝒕,𝑯𝒔𝒕 (𝒎) 7.579 9.102 11.297 
 14 
The volume of the storage tank increases with the increase of the coverage by geothermal energy, but not proportionally. 15 
This happens because the mass of stored water, and volume of storage tank subsequently, depends strongly of the fluctuation 16 
of the heat demand within the specific chosen day. Two days might have the same daily heat demand, but the fluctuation 1 
within the day can be very different. Furthermore, from a thermo-economic perspective it is found that the optimum height-2 
to-diameter ratio of the storage tank is equal to 1. Finally, it can be seen that the ratio ?̇?𝑡𝑟,𝑆/?̇?𝐺 is almost the same in the three 3 
cases, almost equal to 1.5, but not exactly the same as it is a value provided by the algorithm, as mentioned earlier. This 4 
finding also agrees with the literature [37] that states that this value has to be higher than 1.  5 
In Figs. 5a-5c, the mass of stored water and in Figs. 6a-6c its temperature evolution throughout the day are shown, 6 
respectively. The different values of the stored water in each case reflect the difference in the mass flow rates and in the 7 
volume of the storage tank as shown in Table 3. It can be seen that the graphs follow the same trend in each case. The higher 8 
temperature decreases occur during the first and, mainly, the last hours of the day where the storage tank is almost empty. 9 
The rest of the day the heat losses of the tank are almost negligible. The only exception is the graph that depicts the 10 
temperature evolution of stored water in the smaller sizing (Fig. 6a), where especially in the first hours there is a much 11 
steeper decrease in the temperature. This happens because there is no stored water for many hours and the mathematical 12 
model shows some instability. The Figs. 6a-6c highlight the effect of the insulation, which in our case is 20cm, showing that 13 
the heat losses in a well-insulated tank can be minimized. The thickness of the insulation comes also in agreement with 14 
publishes values [38].  15 
 
 
Figure 5a. Mass of stored water over time (25-C) 
 
 
 
Figure 6a. Temperature evolution of stored water over 
time (25-C) 
   
  
Figure 5b. Mass of stored water over time (50-C) 
 
 
 
Figure 6b. Temperature evolution of stored water over 
time (50-C) 
   
 
 
Figure 5c. Mass of stored water over time (75-C) 
 
 
 
Figure 6c. Temperature evolution of stored water over 
time (75-C) 
 1 
In Table 4, the design temperatures of the transmission network are shown. Since the length of the transmission network is 2 
1500m, the temperature drop in the pipelines is in the range of 0.028-0.121 K/km. This value is somewhat lower than those 3 
presented in the literature, e.g. in [15]. This happens because in the developed algorithm, the heat losses of the pipelines are 4 
taken into account and a quite thick insulation is used. This can also be seen in Table 5 where the dimensions of the pipelines 5 
of the transmission network are shown. Probably, in reality the heat losses were not taken into account as much as they 6 
should. Furthermore, the fact that these are simulation results and not real data might be partly a reason for this disagreement. 7 
Although the results are quite lower than other published ones, it can be seen that there are some important differences 1 
between them. This happens because the optimization algorithm does not take into account, on the other hand, only the heat 2 
losses, but also the capital and running costs, so it seems that for different flow rates the optimum cases are relatively 3 
different. But, in any case, the heat losses are quite small highlighting this way the effect of the insulation and the advantages 4 
of this algorithm. Finally, it was shown that the heat losses of the pipelines are minimised if the supply and the return 5 
pipelines are laid as close to each other as possible.   6 
 7 
 8 
 9 
 10 
 11 
 12 
 13 
Table 4 14 
Design temperatures of the transmission network (S = Supply, R = Return, Temperatures in K) 15 
Case 25-C 50-C 75-C 
 
S-Inlet 339.150 339.150 339.150 
S-Outlet 338.968 339.043 339.066 
R-Inlet 320.013 320.199 320.263 
R-Outlet 319.909 320.141 320.221 
 16 
Table 5 17 
Optimum dimensions of the transmission network (cm) 18 
Case 25-C 50-C 75-C 
    
𝑫𝒊 21.45 26.78 34.92 
𝑫𝒐 21.91 27.30 35.56 
𝒕𝒊𝒏𝒔 20 20 21 
 19 
 20 
3.2  Economic and environmental analysis 1 
 2 
The basic results of the economic and environmental analysis of the investment together with a comparison with the 3 
traditional case of not using a storage tank will be shown in this section. Furthermore, the basic results from the annual 4 
operation of the installation that are used in the economic analysis will also be shown. The sizing of the installation shown in 5 
section 3.1 for each case, together with the annual heat demand, were used in the algorithm of the annual operation of the 6 
installation to calculate the basic operational costs.  7 
In Table 6, the capital and operational costs for each case with and without the storage tank are shown and refer to the first 8 
year of operation. First, it can be seen that the capital cost of the proposed case is lower than the traditional case for each 9 
sizing of the installation, although the proposed case has the extra cost of the storage tank. This happens because in the case 10 
without the storage tank, bigger peak-up boilers are needed to cover the peak demands and this difference in the size of the 11 
boilers is big enough to cover the cost of the storage tank. It can also be seen that the capital cost increases as the sizing of the 12 
installation increases, which is totally expected as more wells are needed.  13 
Concerning the operational cost of fuel, it is seen that for each case of sizing the cost of fuel is smaller in the case with the 14 
storage tank than without the storage tank. This shows that by applying the storage tank fuel is saved, which means that a 15 
higher fraction of the heat demand is covered by geothermal energy. Additionally, it is seen that when the sizing of the 16 
installation increases, the cost of fuel decreases. This is also expected because by increasing the sizing of the installation, and 17 
more specifically of the geothermal part, more geothermal energy will be produced and will cover heat demand, which 18 
subsequently will decrease the use of fuel. By observing this data, it is observed that the biggest decrease of fuel cost when 19 
using the tank is in the middle case of sizing (50-C), which means that in this case the storage tank is utilised in the optimum 20 
way. In the smaller case of sizing (25-C), most of the geothermal energy will be sent directly to the consumption, so the rest 21 
of the heat demand that would be covered by the boilers will not be that different between the proposed and the studied case. 22 
Therefore, the difference in the cost of fuel is relatively small. On the other hand, in the biggest sizing of the installation (75-23 
C), a very big part of the load is covered by geothermal energy in any case and the fuel that needs to be used is quite small. 24 
Although the cost of fuel if the storage tank is used is the half compared to the traditional case, it can be seen that this cost is 25 
quite small anyway.   26 
The operational cost of the pumps is almost the same between the case with and without the storage tank. This means that 27 
the pumps consume almost the same amount of electricity no matter if the storage tank is used or not. On the other hand, as 28 
the sizing of the installation increases, the operational cost of the pumps decreases. This is justified by the fact that as the 29 
sizing increases, the size of the pipelines also increases (see Table 5) and the pumping costs, have a decreasing trend. Finally, 30 
the total operational cost is always smaller when the storage tank is used, and decreases when the sizing of the installation 31 
increases. This is justified by the previous observations. So, both the capital and the operational costs are smaller when the 32 
storage tank is used, while the first one increases and the second one decreases with the increase of the sizing of the 1 
installation. 2 
 3 
Table 6 4 
Capital and operational costs of all the cases (Wi = With the storage tank, Wo = Without the storage tank, Costs in £) 5 
 𝑪𝑪𝒅𝒓 𝑪𝑪𝑯.𝑺.𝑻. 𝑪𝑪𝒎𝒑 𝑪𝑪𝒃 𝑪𝑪𝒕𝒐𝒕  𝑶𝑪𝒇 𝑶𝑪𝒑 𝑶𝑪𝒕𝒐𝒕 
 
25-C Wi 3 500 000 35 478 1 636 274  3 101 400 10 012 558 763682 106407 1043876 
25-C Wo 3 500 000 0 1 636 274 3 532 800 10 386 087 799011 106302 1082975 
         
50-C Wi 5 000 000 53 644 1 737 049 2 521 400 11 069 181 285707 41000 448052 
50-C Wo 5 000 000 0 1 737 049 3 512 000 11 966 065 402109 40991 577217 
         
75-C Wi 6 500 000 90 221 1 860 405 2 530 400 12 776 285 48771 20360 164076 
75-C Wo 6 500 000 0 1 860 405 3 504 400 13 581 822 98489 20357 219652 
Table 7 6 
Main results of the financial and environmental analysis 7 
RHI included 
 𝐿𝐶𝐻 (£/𝑘𝑊ℎ) 𝑁𝑃𝑉(£ ∙ 106) 𝐼𝑅𝑅 (%) 𝐵𝐶𝑅 (−) Annual CO2 emissions 
(kg) 
Load factor (%) 
 
25-C-Wi 0.04988 <0 <0 <0 5 236 608 96.694 
25-C-Wo 0.05214 <0 <0 <0 5 478 858 93.882 
       
50-C-Wi 0.03574 60.478 29.10 5.689 1 959 106 80.631 
50-C-Wo 0.04202 48.144 24.83 4.327 2 757 729 80.267 
       
75-C-Wi 0.03162 94.044 32.55 7.434 309 000 64.478 
75-C-Wo 0.03581 89.334 30.30 6.555 675 000 62.080 
 
RHI not included 
 25-C-Wi 0.04988 <0 <0 <0 5 236 608 96.694 
25-C-Wo 0.05214 <0 <0 <0 5 478 858 93.882 
       
50-C-Wi 0.03574 36.371 16.90 3.820 1 959 106 80.631 
50-C-Wo 0.04202 26.592 13.68 2.838 2 757 729 80.267 
       
75-C-Wi 0.03162 64.567 20.10 5.425 309 000 64.478 
75-C-Wo 0.03581 61.117 18.30 4.800 675 000 62.080 
 1 
In Table 7, the main results of the economic and environmental analysis are shown for all the three cases of sizing with 2 
and without the storage tank as well as when the RHI subsidy is taken into account or not. The levelised cost of heating, the 3 
annual CO2 emissions and the load factor do not depend on the RHI, so their values are the same either if it is taken into 4 
account or not. Furthermore, it can be seen that in every case the financial factors indicate that the proposed case is 5 
financially favourable compared to the traditional case. More specifically, the levelised cost of heating decreases, while the 6 
NPV, IRR and BCR all increase. It can also be seen that the biggest change in the financial favourability of the investment 7 
occurs in the middle sizing case where, as already referred, the storage impacts most.   8 
This difference in the levelised cost of heating denotes an increased potential income between 87000 and 241000£ 9 
depending on the case if the heat storage is used. A very important finding from Table 7 is that the viability of the investment 10 
increases when the sizing of the installation increases. So, if there is no restricting factor such as non-favourable geological 11 
conditions, the geothermal installation should be sized on the maximum sizing, even if the storage impacts most the medium 12 
sizing of the installation.  13 
Furthermore, it can be seen that the investment of the minimum sizing of the installation is not viable in any case although 14 
the use of the heat store is beneficial. This happens because the operational costs are very high compared to the inflows of the 15 
investment. In order to overcome this problem a solution would be to increase the variable cost of heating (2nd part of the 16 
income), so that the inflow of the investment will increase. But, in general, sizing the installation to cover a small part of the 17 
load by geothermal energy should be avoided. 18 
Another crucial finding from Table 7, is the tremendous assistance of a financial subsidy on a renewable project. As can be 19 
seen in the results, all the financial indices increase by 50% or more when the RHI is taken into account. This can also be 20 
made clear in Figs. 7a, 7b, 8a and 8b where the cash flow charts of the middle and high sizing of the installation are shown 21 
for the cases that the RHI is taken and is not taken into account, respectively. As can be seen in these graphs, the effect of the 22 
RHI is very important and decreases the payback period of the investment. It should be noted that the change in the slope in 23 
these graphs in the 20 years of the investment is because the RHI is not provided after this period of time, so the income 1 
consists only of the first two parts after the 20th year of operation. It can also be made clear that the effect of the heat storage 2 
is much more important in the case of the middle sizing of the installation compared to the case of the high sizing.  3 
Concerning the emissions of the installation, it can be seen that the emissions of CO2 decrease if the heat storage is used 4 
for any case of sizing of the installation. This is totally expected, since the emissions are directly proportional to the amount 5 
of fuel used. The relative decrease of the emissions in the 25-C is small since, as already mentioned, almost all the 6 
geothermal production is sent directly to the heat load and, therefore, the change in the operation of the peak-up boilers is not 7 
tremendous. On the other hand, the highest absolute decrease of emissions is for the 50-C case where the impact of the heat 8 
storage is the maximum. It can also be seen that the emissions decrease as the sizing of the installation increases. Since the 9 
sizing of the installation increases, more geothermal energy and less fuel are used, so the emissions will decrease. This 10 
findings and trends are in agreement with the results shown on Table 6 about the operational cost of fuel.  11 
Finally, in Table 7 it can be seen that the load factor of the geothermal part of the installation increases when the heat store 12 
is used. This means that the geothermal part of the installation operates in a higher average flow rate increasing this way the 13 
utilisation of geothermal energy. On the other hand, the load factor decreases as the sizing of the installation increases. This 14 
happens because as the sizing of the installation increases, the potential geothermal production increases, so there can be 15 
many times of the year that the heat demand can be covered just by a part of the geothermal production. When the sizing of 16 
the installation is the smallest one, the potential geothermal production is low, so almost all the geothermal production is sent 17 
directly to the heat demand. For example, in our case, in the smallest sizing of the installation the load factor is 96.694% 18 
when the heat store is used, which means that the geothermal installation is working very close to its full capacity all the year.19 
20 
 
 
Figure 7a. Cash flow with the RHI subsidy (50-C) 
 
 
 
Figure 8a. Cash flow with the RHI subsidy (75-C) 
   
  
Figure 7b. Cash flow without the RHI subsidy (50-C) 
 
 
 
Figure 8b. Cash flow without the RHI subsidy (75-C) 
 1 
4.    CONCLUSION  2 
 3 
The effect of applying a hot water storage tank to cover a part of the peak-load in a GDHS under a different control 4 
strategy has been studied in this paper. Typically, in these systems the geothermal flow rate is variable within the day 5 
according to the heat demand and the peak demands are covered by boilers. It is proposed to keep the geothermal flow rate 6 
constant throughout the day and store hot water in times of low-load and release it in peak demand times. First, an algorithm 7 
for the sizing of the installation was developed and the outcome of this algorithm was used as input in the second algorithm 8 
which studies the operation of the installation over a random day and over a whole year. Finally, an integrated economic and 9 
environmental analysis of the proposed solution together with a comparison with the traditional operation of a GDHS was 10 
carried out. All the calculations have been done for three test cases of sizing of the geothermal part of the installation. More 11 
specifically, they were done for the days that their daily heat demand was the 25th-, 50th- and 75th-centile (called 25-C, 50-C 12 
and 75-C in brief) of the daily heat demands of the whole year, respectively.  13 
The conclusions that are drawn from this study are the following: 14 
• The heat losses of the storage tank can be minimised if the tank is well insulated. In our case, an insulation of 15 
20cm was used and the heat losses were negligible in most of the cases. 16 
• The importance of the heat losses in the pipelines at the initial design stage was highlighted. An optimization 17 
algorithm for their sizing that takes into account their heat losses was built. The results indicate that by using the 18 
specific algorithm, the heat losses are much smaller than other published values. This indicates that the heat 19 
losses were probably underestimated in the past and that they should be definitely taken into account on the 20 
design stage of the network. 21 
• Both the capital and the operational costs are proved to be lower for the studied case compared to the traditional 1 
approach for any case of sizing. 2 
• As the sizing of the installation increases, it was shown that the capital cost increases while the operational costs 3 
decrease.  4 
• All the financial indices are more attractive in the proposed case compared to the traditional approach for any 5 
case of sizing. The levelised cost of heating decreases, while the NPV, the IRR and the BCR decrease. 6 
• The highest impact of the storage occurs in the 50-C case where the heat store is utilised in an optimum way. 7 
• On the other hand, the financial viability of the investment increases as the sizing of the installation increases. 8 
Therefore, the maximum viability occurs in the 75-C case. 9 
• The emissions of the installation decrease when the heat store is used since less fuel is used to cover the peak 10 
demands. The biggest absolute and relative decreases in the emissions occur in the 50-C and in the 75-C case, 11 
respectively.   12 
• Finally, the load factor of the geothermal part of the installation increases when the heat store is applied for any 13 
case, meaning that more geothermal energy is utilised. 14 
Therefore, it can be concluded that by applying a heat storage under the proposed control strategy in a GDHS the overall 15 
production of heat is cheaper and the peak-up boilers are used less. Increased utilisation of geothermal energy as well as 16 
substantial reduction of emissions is also succeeded with the proposed approach. All these highlight the financial and 17 
environmental benefits of this approach which are necessary for sustainable growth.  18 
 19 
ACKNOWLEDGEMENTS  20 
 21 
The authors would like to thank Cluff Geothermal Ltd., the Energy Technology Partnership (ETP) and the University of 22 
Glasgow for funding this research project. 23 
NOMENCLATURE 
 
Symbol Quantity SI Unit 
  
𝐴 Area 𝑚2 
𝐴𝐻𝐷 Annual heat demand 𝐽 
𝐴𝑂𝐻 Annual operating hours Dimensionless 
𝐵𝐶𝑅 Benefits-to-cost ratio Dimensionless 
𝐶 Cost £ 
𝐶𝐶 Capital Cost £ 
𝐶𝑝 Specific heat capacity 𝐽
𝑘𝑔 ⋅ 𝐾
 
𝐶𝑅𝐹 Cost recovery factor Dimensionless 
𝐷 Diameter 𝑚 
𝛿ℎ Friction losses 𝑚 
𝐷𝐻𝐷 Daily heat demand 𝑘𝑊ℎ 
𝑑𝑇 Temperature difference 𝐾 
𝑑𝑡 Time difference 𝑠 
𝑔 Gravitational acceleration 𝑚
𝑠2
 
H Height 𝑚 
ℎ Convective heat transfer coefficient 𝑊
𝑚2 ∙ 𝐾
 
𝐼𝑃 Investment period Years 
𝑖𝑟 Interest rate  Dimensionless 
𝐼𝑅𝑅 Internal rate of return Dimensionless 
𝐾 Overall heat transfer coefficient 𝑊
𝑚2 ⋅ 𝐾
 
𝑘 Conductive heat transfer coefficient 𝑊
𝑚 ∙ 𝐾
 
𝐿𝐶𝐻 Levelised cost of heating £
𝑘𝑊ℎ
 
𝑀 Mass 𝑘𝑔 
?̇? Mass flow rate 𝑘𝑔
𝑠
 
𝑁𝑃𝑉 Net present value £ 
𝑁𝑢 Nusselt number Dimensionless 
𝑂𝐶 Operational cost £ 
?̇? Electrical power 𝑊 
𝑃𝑟 Prandtl number Dimensionless 
𝑄 Heat 𝐽 𝑜𝑟 𝑘𝑊ℎ 
?̇? Heat power 𝑊 
𝑅𝑒 Reynolds number Dimensionless 
𝑆𝐹 Safety factor Dimensionless 
𝑇 Temperature 𝐾 
𝑡 Thickness 𝑚 
𝑉 Volume 𝑚3 
?̇? Volume flow rate 𝑚3
𝑠
 
 
Greek symbols 
 
𝜀 Emissivity Dimensionless 
𝜂 Efficiency Dimensionless 
𝜌 Density 𝑘𝑔
𝑚3
 
𝜎 Stefan-Boltzmann constant 𝑊
𝑚2 ∙ 𝐾4
 
 
Subscripts 
 
𝑎 Ambient 
𝑏 Boiler  
𝑏𝑜𝑡 Bottom part  
𝑐 Convective  
𝑐ℎ Charge  
𝑐𝑣 Cover  
𝐷 Design  
𝑑𝑖𝑠 Discharge  
𝑑𝑟 Drilling  
𝑒𝑙 Electrical  
𝑒𝑙𝑒𝑣 Elevation  
𝑓 Fuel  
𝐺 Geothermal  
𝑖 Inner  
𝑖𝑛 Inlet  
𝑖𝑛𝑠 Insulation  
𝑙 Linear  
𝑙𝑜𝑠𝑠 Losses  
𝑛𝑝 Network pipelines  
𝑜 Outer  
𝑜𝑡 Other  
𝑝 Pump  
𝑟 Radiative  
𝑆 Substation’s side  
𝑠𝑖𝑑𝑒 Side part  
𝑠𝑡 Storage  
𝑡𝑜𝑝 Top part  
𝑡𝑟 Transmission network’s side  
𝑡𝑜𝑡 Total  
𝑢 Unit  
 
Superscripts 
 
𝑖 Time interval  
𝑁 Last time interval  0 First time interval  
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